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Perturbative unitarity conditions have been playing an important role in estimating the energy
scale of new physics, including the Higgs mass as the most important example. In this letter, we
show that there is a possibility to see the hint of a new physics (top quark partner) indirectly by
observing an “apparent” unitarity violation in the distribution of invariant mass of b-jet and W -
boson (Mbw) well above the mass of a top quark in a process of a heavy resonance decaying into a
pair of top quarks.
I. INTRODUCTION.
Perturbative unitarity violation in a certain physics
process indicates that some new physics involves in the
process. For example, Lee-Quigg-Thacker provided the
upper bound of the Standard Model (SM) Higgs boson
mass as mH < 1 TeV through the perturbative unitarity
condition [1]. Indeed the Higgs boson is discovered at
125 GeV, well below that bound. This observed Higgs
mass has some issues in the SM because a top quark, as
the most massive fundamental particle in the SM, causes
a naturalness problem and vacuum meta-stability by its
strong yukawa coupling with the Higgs boson.
Thus many new physics models have been introduced
to solve the naturalness problem by controlling the Higgs
mass against quantum corrections. One natural way
to remedy this issue is to introduce a “top quark part-
ner” (top partner) with its mass near TeV scale. In ad-
dition, through interactions with a top partner, a top
quark also has been considered as the one of SM parti-
cles coupled to the beyond Standard Model (BSM) sec-
tor. Topcolour-assisted technicolour (TC2) [2], compos-
ite Higgs scenarios [3] of the strong electroweak Symme-
try Breaking (EWSB) models and models with warped
extra dimensions [4] are classes of models predicting a
heavy particle which would decay mostly into top quark
and anti-top quark (tt¯). The ATLAS and CMS collabo-
rations have searched a heavy resonance that decays into
tt¯ at 8 TeV LHC [5]. In those searches, the LHC set a
limit on the production of a massive color octet spin-1
particle (Kaluza Klein gluon) as well as a color singlet
scalar. They excluded a color octet scalar with the mass
below 1 TeV through a search of the process with four
top quarks in the final state [5].
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In this letter, we would like to point out an interesting
feature in the above searches if a top partner is involved
in the decaying process of a heavy resonance. We argue
that a high invariant mass region of a b-jet and a W -
boson (Mbw) in a heavy resonance’s decay process would
be enhanced as an “apparent” perturbative unitarity vi-
olation effect due to a heavy top partner. We discuss the
possibility of tracing a heavy top partner by measuring
a high mass region of Mbw.
II. HIGH Mbw DUE TO THE WL
ENHANCEMENT.
If one describes an interaction between a new heavy
particle and a pair of top quarks with a high dimension
effective operator with Higgs, there would be a corre-
sponding longitudinal W enhancement involved in pro-
cesses related to that operator through the Goldstone
boson equivalence theorem. In fact, effective operators
with the Higgs field are very common in various BSMs.
Particularly when a new particle is SU(2)L singlet, high
dimensional operators with top quark pair can be written
by inserting the Higgs field.
Assuming the new particles is spin-1 (G), one of effec-
tive operators would be:
L ⊃ ct
Λ2
Gµ (Q¯LH˜) γ
µ (H˜†QL) , (1)
where H is the SM Higgs and QL are the SM third gen-
eration left-hand quark. H˜ is SU(2)L conjugate Higgs
doublet. If a new particle is spin-0 (σ), one can write an
effective operator:
L ⊃ ct
Λ
σ Q¯L H˜ tR . (2)
Effective operators would induce an perturbative unitary
violation in a typical process
t(p1) + σ/G(p2)→W (p3) + b(p4) . (3)
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2A perturbative unitarity violation is induced by a longi-
tudinal W contribution. In the high momentum limit,
as L becomes proportional to p
µ
3/mW , the amplitude
increases with a collision energy of
√
sˆ resulting in a per-
turbative unitarity violation1. Such process is promising
because the corresponding cross section deviates from ex-
pected SM backgrounds strongly even though the scale
of the interaction is far below the cut off scale. In fol-
lowing sections, we show how above effective operators
could arise in the low energy limit after integrating out a
“top partner” in various simplified models. We can find
those simplified models in the extra dimensional model
or a supersymmetric one.
A. Spin-1 case
In this subsection, we provide a simplified model by
extending the SM with two new particles: one is a mas-
sive spin-1 color octet gauge boson G and the other is
a vector-like SU(2)L singlet top partner T . This simpli-
fied model can be embedded naturally in extra dimension
models where the spin-1 color octet is the gluon Kaluza
Klein mode (KK) and the T is the KK-mode of a SM
top quark. The interaction Lagrangian is:
L 3 gsGµT¯ γµT −mT T¯ T
−(yQ¯LH˜TR + ytQ¯LH˜tR + h.c.), (4)
with the color and SU(2)L indices suppressed for the
simplicity. Here we adopt a model independent approach
by considering (y,mT ,MG) as free parameters. After the
electroweak symmetry breaking, the top quark will be
mixed with the top partner T and a mass matrix can be
summarized as:
(
t¯L T¯L
) yt v√2 y v√2
0 mT
  tR
TR
 . (5)
This mass matrix can be diagonalized by bi-unitary
transformation ULMU
†
R = Mdiag, where a relation be-
tween mass and weak eigenstates is t′L,R
T ′L,R
 =
 cos θL,R sin θL,R
− sin θL,R cos θL,R
 tL,R
TL,R
 . (6)
Here t′ and T ′ are the mass eigenstates with mixing an-
gles of θL and θR. For mT  yiv, we can approximate
the mixing angles,
sin θL ∼ yv√
2mT
, sin θR ∼ mt
mT
sin θL . (7)
1 Unitarity violation effects including Dark matter simplified mod-
els and the bound on new physics can be found in [6].
FIG. 1: Feynman diagrams for the process t+G→W + b.
Constraints on mixing angles can be obtained from var-
ious precision measurements including Rb. The current
limit is sin θL . 0.1 for mT ′ > 1 TeV [7]. After in-
tegrating out T ′, an effective operator between SM-like
top quark and a heavy resonance G would be
y2gs
m2T
Gµ(Q¯LH˜)γ
µ(H˜†QL) , (8)
involving only left handed SM-like top quark as in Eq.(1).
The interaction between G and a right handed SM-like
top quark would be suppressed by the factor of mt/mT
compared to the left handed case.
1. Gauge symmetry and unitarity restoration
The effective operator in Eq. (8) would induce a per-
turbative unitary violation in the high energy limit of
some processes. Here we show a process which violates
a perturbative unitarity with described by this effective
operator and how one can restore a unitarity by consid-
ering the contribution of a top partner. A process that
we consider here2,
t(p1) +G(p2)→W (p3) + b(p4) , (9)
with the effective operator in Eq.(8). In this process,
we encounter a violation of the perturbative unitarity
through the WL contribution as we discussed in ear-
lier section. But in the high energy collision limit of√
sˆ  mT , we should consider the original interactions
of Eq. (4) with both a top quark t and a top partner T
involved in s-channel. The corresponding feynman dia-
grams are shown in Fig.(1) where the interactions among
(G, t, t), (G, t, T ) and (T, W, b) are induced by mixings.
If we denote the matrix element with a top quark in s-
channel asM1 and the matrix element with a top partner
2 We use t and T for the mass eigenstates from now on.
3as M2:
M1 ∝ u¯b /
p
3
mw
PL
1
/p1 + /p2 −mt
γσPLut
σ
G
∝ 1
mw
u¯bPR
(
mt
/p1 + /p2 −mt
+ 1
)
γσPLut
σ
G ,
M2 ∝ −u¯b /
p
3
mw
PL
1
/p1 + /p2 −mT
γσPLut
σ
G
∝ − 1
mw
u¯bPR
(
mT
/p1 + /p2 −mT
+ 1
)
γσPLut
σ
G . (10)
The relative minus sign of M2 to M1 is from the mix-
ing matrix in Eq. (6). As we see in the above equation,
when a collision energy
√
sˆ is small compared to the mass
of a top partner mT , M2 is highly suppressed by a fac-
tor of mt/mT compared to M1 resulting in total matrix
element becoming the case of the effective operator in
Eq. (8). The constant term in the bracket of M1 con-
tributes a term proportional to
√
s which seems like to
invoke the perturbative unitarity violation. But in the
case of
√
sˆ  mT , a contribution from M2 to the total
matrix element of eq. (9) cancels this constant term:
M∝ u¯bPR
(
mt
/p1 + /p2 −mt
− mT
/p1 + /p2 −mT
)
γσPLut
σ
G .
(11)
The constant term in Mi cancels each other and thus
perturbative unitarity is restored3.
2. Tracing the effect from massive top partner at colliders
In this section, we point out that an “apparent” uni-
tary violation indicates the existence of a heavy top part-
ner together with a discovery of a resonance G if one can
design collider analyses properly. The relevant process
would be the production of G and its corresponding de-
cay. In Fig.(2) we show an invariant mass distribution
of b-jet and W boson (Mbw) from G decays with vari-
ous choices of mT . When a top partner is lighter than
a resonance G, Mbw distribution becomes similar to the
Breit-Wigner distribution in the high mass tail of two
intermediate peaks, one from SM-like top quark and the
other from a top partner. If a top partner is heavier than
G, the “peak” from a top partner mass distribution will
be moved beyond the location of MG, resulting in “ap-
parent” unitary violation. Thus the high Mbw region can
prove the existence of some “hidden” particles, a massive
top partner.
Motivated by the fact that KK-gluon does not cou-
ple to the pair of gluon [8] while it interacts mostly
3 Similarly in SM t + H → W + b process, the divergency in the
S-channel of t quark is canceled by a t-channel mediated by W .
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FIG. 2: Invariant mass distributions Mbw for various top
partner masses mT . Gray line shows the Breit-Wigner ap-
proximation of the distribution of a top quark’s mass. Here
we set the mass of a color octet resonance (mG) to be 2 TeV.
with top quark pairs, we consider G pair production fol-
lowed by the four b-jets and four W -bosons through in-
termediate top quarks at the LHC. To reduce SM QCD
backgrounds, we focus on a di-lepton channel with four
b-jets tagging where leptons are expected from W bo-
son decays. In the SM, the invariant mass of a lepton
and b-jet (m(b`)) from a top quark decay is less than
mt
√
1−m2W /m2t ∼ 153 GeV. Therefore by looking for
the high mass region of m(b`), one can check the effect of
a hidden top partner involved in the G decaying process.
We define the following variable:
M
(max)
(b,`) = maxi=1,2
(
min
j=1,···4
{m(bj ,`i)}
)
, (12)
where we pair the b-jet which provides the minimum in-
variant mass with each lepton and we take the larger
value out of two invariant mass. To see effects from a
heavy top partner (mT  mG) in the production of G
pair, we use the parton level Monte Carlo (MC) simula-
tions of MadGraph aMC@NLO [9] and Pythia 6.4 [10].
To see the effects from heavy top partner more clearly
we perform MC simulations with / without effects from
a heavy top partner.
MC1: To include effects from a top partner on G decay,
we simulate the (2→ 4× 3) process with each G
decaying into b-jet and particles from W -boson de-
caying.
MC2: MC simulation for the process of (2→ 4, 4→ 12)
by requiring G decaying into tt¯ followed by the suc-
cessive decays of “on-shell” top quarks4.
4 In various multi-top quarks searches at the LHC, most collider
analyses are based on the MC simulations with“on-shell” top
quarks to avoid the complications in generating many body final
states with MC.
4Analysis cut MC1 MC2
(
tt¯bW b¯W
) (
bW b¯Wbb¯
)
PT requirements (p
`,j
T > 50 GeV) 0.22 0.19 0.18 5.5
Heavy flavored jet tagging (one high PT top and four b-jet) 0.051 0.050 0.0024 10
−3
M
(max)
(b,`) > 170 GeV 0.012 0 10
−4 < 10−4
TABLE I: Cut flow for a signal process with and without off-shell effect(MC1,MC2) and backgrounds. Numbers in this table
are cross sections after applying corresponding cuts in the unit of a femto barn (fb).
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FIG. 3: Normalized distributions of Mmax(b,`) from two dif-
ferent Monte Carlo simulations. One corresponds to MC1,
a full process of G → (b, b¯, W+, W−) (red solid line). We
also simulate MC2, the G → (t, t¯) and successive decays of
the top quarks to b-quark and W boson (blue dotted line).
Parameters in this simulation are described in the text.
By requiring “on-shell” top quarks from G decay [MC2],
we can remove the effect of a heavy top partner in MC
simulation. In fact, the result of MC2 would be similar
to a case where G interacts only with right handed top
quarks tR.
The parameters we use here are MG = 1.8 TeV, mT =
3.5 TeV, y = 2.0 with mixing angle sin θL = 0.1 which
corresponds to a cross section around 2.5 fb in the leading
order QCD at the 14 TeV LHC. The M
(max)
(b,`) distribution
from MC2 has a sharp end point below a mass of top
quark while it develops excess beyond the top mass in
MC1 where top partner involves the decay of G as in
FIG. (3). Thus we utilize M
(max)
(b,`) as a key observable in
tracing the existence of a top partner.
For the analysis of 14 TeV LHC with 3ab−1 luminos-
ity, we focus on a signal region of (1 top-jet, 3 b-jet, 2
`) final states by requiring one top-jet tagging with a
tagging/fake efficiency 0.5/0.01 [11] and also four b-jet
tagging with a tagging efficiency as 0.8. Note that b-jet
tagging can be performed on a top tagged jet. Since we
consider a heavy resonanceG, we require pT > 50 GeV on
visible particles (jet and leptons) and ptop−jetT > 500 GeV.
We consider two major backgrounds
(
tt¯W b¯Wb
)
and(
bW b¯Wbb¯
)
with a leptonically decaying W according to
our selection on the signal region. The efficiencies after
the sequential cuts are summarized in Tab. (I). According
to our simulation, we will have O(30) events purely from
the effect of very heavy top partner while we will have
negligible number of events for on-shell top decay [MC2].
Although we perform a parton level analysis where we
neglect smearing effects from detector responses, our re-
sult is encouraging because backgrounds are significantly
reduced compared to the signals.
We note that conventional searches for a heavy reso-
nance in a top quark pair production channel require a
top-jet mass around the top quark’s pole mass through
various top-tagging method [12, 13] . These top taggers
will remove the effects from top partner and a separated
analysis is required to measure effects from a top partner.
B. Spin-0 case
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FIG. 4: Effective operators in our simplified model set up
between a colour octet scalar σ and top quarks in a sec. (II B).
In this section, we present another model of color octet
scalar particle. In N = 1/N = 2 hybrid Supersymmetric
model [14, 15], a gluino could be a Dirac fermion and a
scalar gluon (σ) is predicted as the partner of the N = 2
multiplet. The corresponding interactions are:
Lg˜D g˜Dσ = −
√
2igsf
abcg˜
a
DL g˜
b
DRσ
c + h.c. , (13)
Lσq˜q˜ = −gsMD3
[
σa
λaij√
2
∑
q
(q˜∗Liq˜Lj − q˜∗Riq˜Rj)
]
,(14)
where g˜D is a Dirac gluino with a mass M
D
3 and q˜L,R are
squark gauge eigenstates. Although σ has no direct cou-
pling with SM fermions, it can decay into q¯q through the
squark-gluino loop as in FIG. (4). When a Dirac gluino
and squarks are heavy compared to σ, we can write down
a effective operator between σ and top quarks with gener-
alized couplings by integrating out those heavy particles
[15]:
Lint = σ q¯ [aLPL + aRPR] q + h.c. . (15)
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FIG. 5: Invariant mass distribution Mbw from σ decay.
The parameters in MC simulations are Mσ = 1.5 TeV and
(aL, aR) = (0.1, 0).
The aL and aR are induced by right and left squark with
gluino loop respectively. Thus depending on the mass
term of left and right squark as well as the mixing term,
the coupling aL/R can have non-zero value. As pointed
out in [14], σ decays mostly into the pair of a top quark
since an effective interaction between σ and quark pair
is proportional to the mass of a quark, coming from the
quark L/R mixing and squark L/R mixing term with
the Higgs field in a superpotential and soft SUSY break-
ing terms. Thus one can write the effective operator in
Eq. (15) as
Lint 3 cR yt
Λ1
σ Q¯LH˜tR + cL
yt
Λ2
σ t¯RH˜
+QL + h.c. , (16)
where the Λi is the mass scale of the stops or gluino, yt is
a a top yukawa coupling and cL/R is a coupling constant
which is proportional to aL/R. This isospin violating ef-
fective operator will cause the enhancement in the high
Mbw region from an enhancement in a longitudinal polar-
ization of WL as in Sec.(II). We show a numerical result
of this phenomena in Fig. (5).
With mq˜,mg˜  mσ, σ decays into a pair of gluon and
a pair of top quark. Since we are interested in the decay
mode of σ → tt¯, the competing decay mode σ → gg
should be suppressed which occurs in the parameter
space of mq˜ ≥ |MD3 |. In this region, a production
cross section for a single sgluon (pp→ σ) is suppressed
compared to a pair production (pp→ σσ∗) more than
O(10) − O(100) depending on mσ [14]. Thus its LHC
(hadron collider) phenomenology would be similar
to the case of spin-1 resonance (G) in the previous
section. For a 1.5 TeV sgluon, the leading order cross
section is around 4fb and the number of events in the
high mass region is expected to be around O(20) if
we apply same cuts since efficiences of analysis cuts in
Tab. (I) are not sensitive to the spin of a heavy resonance.
III. CONCLUSION
We consider a case where a heavy resonance couples
to a pair of top quarks in the isospin violating simpli-
fied models, which can be realized in various interesting
BSM scenarios including an extra dimensional or a su-
persymmetric model. We first show how these simpli-
fied models invoke a perturbative unitarity violation by
identifying the corresponding effective operators for the
interaction between a heavy resonance and top quarks.
We find that the Higgs field in these effective operators
provides an enhancement of WL in the high energy limit
through the unitarity violation in the low energy effec-
tive theory. After we notice that a top partner intro-
duces the Higgs in those problematic effective operators,
we examine the possibility of tracing a top partner by
measuring the high invariant mass region of b-jet and
W -boson (Mbw). Through Monte Carlo simulations, we
confirm that we can observe the effect from a very heavy
top partner with a high luminosity LHC (HL-LHC) of
3ab−1 even if the LHC can not directly produce it. Fi-
nally we need non-conventional analyses for a heavy reso-
nance search in multi-top channels, since top-jet tagging
in those analyses rejects events which are crucial in iden-
tifying the existence of a top partner.
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